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We report the results of the Knight shift by 63,65Cu-nuclear-magnetic resonance (NMR) mea-
surements on single-layered copper-oxide Bi2Sr2−xLaxCuO6+δ conducted under very high magnetic
fields up to 44 T. The magnetic field suppresses superconductivity completely and the pseudogap
ground state is revealed. The 63Cu-NMR Knight shift shows that there remains a finite density of
states (DOS) at the Fermi level in the zero-temperature limit, which indicates that the pseudogap
ground state is a metallic state with a finite volume of Fermi surface. The residual DOS in the
pseudogap ground state decreases with decreasing doping (increasing x) but remains quite large
even at the vicinity of the magnetically ordered phase of x ≥ 0.8, which suggests that the DOS
plunges to zero upon approaching the Mott insulating phase.
The mechanism of the high transition temperature (Tc)
superconductivity in copper oxides (cuprates) [1] still re-
mains unclear, largely because the relationship between
the normal-state properties and superconductivity is un-
clear. In conventional metals, superconductivity devel-
ops out of a Fermi liquid state. This is also true in the
electron-doped n-type cuprates[2]. However, in the nor-
mal state of p-type cuprates, there is an intriguing phe-
nomenon called a pseudogap state, in which the density
of states (DOS) is depleted upon decreasing temperature
(T ) below a characteristic temperature T ∗[3]. Several
measurements have suggested that the pseudogap and
superconductivity are coexisting states of matter[4–6],
but the detailed properties and the origin of the pseu-
dogap are still under debate[7–10]. Previous measure-
ments have suggested that the pseudogap is either asso-
ciated with disconnected Fermi-arcs[5, 6], or small Fermi
pockets[11, 12], or associated with coexisting Fermi arc
and small Fermi pockets[13]. In contrast, there was also
a proposal that the Fermi surface shrinks to a nodal point
when cooled to T = 0[14]. More importantly, it is still
unknown how the pseudogap ground state (PGS) would
evolve as the Mott insulating state is approached.
Experimentally, this is difficult due to the high upper
critical field (Hc2 ∼ 100 T). In addition, there have been
few systems which allow us to explore in a wide doping
region. Bi2Sr2−xLaxCuO6+δ is one of the ideal systems
to study the subject. It has a single CuO2 layer, highly
two- dimensional structure[15], and much lower Tmaxc ∼
32 K compared to other cuprates. Here, La introduces
one electron to Bi2Sr2CuO6+δ[16], hence “1 − x” corre-
sponds to the hole doping rate.
In this Letter, we report the results of the spin suscep-
tibility via the 63,65Cu-NMR Knight shift measurements
in Bi2Sr2−xLaxCuO6+δ carried out under very high mag-
netic fields up to 44 T. When the quantity 1/T1T has a
strong T -dependence[4], where T1 is the spin-lattice re-
laxation time, it is difficult to extract the DOS from this
quantity. In contrast, the Knight shift is directly pro-
portional to the DOS, which allows us to evaluate the
doping dependence of the residual DOS in the PGS. We
find, for the first time, that an antiferromagnetic order
occurs in the strongly underdoped region of this family of
compounds. Most importantly, we find that the PGS is
a metallic state with a finite DOS which decreases with
decreasing doping but remains quite large even at the
vicinity of the magnetically ordered phase. Our result
suggests that the DOS plunges to zero upon approaching
the Mott insulating phase.
Single crystalline Bi2Sr2−xLaxCuO6+δ samples (0.0 ≤
x ≤ 0.9) are grown by the traveling solvent floating zone
method as reported elsewhere[17, 18]. Black and shiny
single crystal platelets sized up to ∼ 10 × 3 × 0.4 mm3
cleaved from the as-grown ingot were used. For all mea-
surements, the magnetic field is applied along the c-axis.
High magnetic fields are generated by the Bitter magnet
(21.7 - 30 T) and the Hybrid magnet (44 T), respectively,
in the National High Magnetic Field Laboratory, Talla-
hassee, Florida. The T dependence of Cu-NMR/nuclear
quadrupole resonance (NQR) intensity I(0) is precisely
estimated through a fitting to I(t) = I(0) exp (−t/T2),
where T2 is the nuclear spin-spin relaxation time.
Figure 1 shows the T dependence of the Knight shift
(Kc(T )) for the x = 0.40 sample measured at H = 7,
30, and 44 T, respectively. Here, the obtained Kc(T )
is written as Kc(T ) = Ks(T ) + Korb, where Ks and
Korb are the shifts due to the spin and the orbital sus-
ceptibility, respectively. Generally, Korb is T - and H-
independent. Most importantly, Ks and Korb are ex-
pressed as Ks(T ) = A
s
hfχs(T ) and Korb = A
orb
hf χorb,
where Ahf is the hyperfine coupling constant.
At high T region, Kc does not depend on T , which
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FIG. 1: (Color online) T dependence of 63Cu Knight shift (H
‖ c) for x = 0.40 measured under different magnetic fields.
The solid and dotted arrows indicate the pseudogap tempera-
ture T ∗ and superconducting Tc (H = 7 T), respectively. The
dotted line is guide to the eye.
is consistent with the observation of a full Fermi-surface
above T ∗[19]. As indicated in the figure, Kc starts to
decrease below T ∗ ∼ 160 K. Notably, 1/T1T for x =
0.40 also starts to decrease below T ∗[4]. These results
indicate a certain loss of the DOS at the Fermi surface
taking place below T ∗, i.e. the opening of a pseudogap.
This T dependence of Kc is consistent with other high-
Tc cuprates[20]. As seen in the figure, T
∗ is almost field
independent. At H = 7 T, Kc decreases abruptly below
Tc(H) ∼ 30 K due to the reduction of the spin susceptibil-
ity as a result of a spin-singlet Cooper pairing. However,
at H = 30 and 44 T, no signature of superconducting
transition is observed, as in previous T1 measurement[4].
Also, the value of Kc at the lowest T is H-independent
between H = 30 and 44 T. This indicates that the su-
perconductivity is suppressed by fields H ≥ 30 T and
that the T -dependence of Kc (H ≥ 30 T) represents the
property of the PGS. Importantly, Kc is quite large in
the T = 0 limit. Namely, the PGS has a finite residual
DOS. Furthermore, no internal magnetic field is found
when superconductivity is destroyed.
We study the doping evolution of the residual DOS
by performing the same measurements for other samples
with different x. Fig. 2 shows the summary of T de-
pendence of Kc(T ) for 0.0 ≤ x ≤ 0.75 after suppressing
superconductivity by the magnetic field. At high T , the
constant value of Kc increases systematically with in-
creasing hole-doping (decreasing La content). As shown
by arrows in the figure, T ∗ can be clearly identified, be-
low which Kc starts to decrease, for 0.10 ≤ x ≤ 0.75.
In order to quantitatively evaluate the residual DOS
FIG. 2: (Color online) T dependence of Kc for 0.0 ≤ x ≤
0.75. The open symbols are results measured at 9 T. The
closed symbols are taken at different fields as follows: 30 T
(for all x ≥ 0.15), 21.7 T (for x = 0.65 and 0.75), and 44
T (for x = 0.40). The solid arrows indicate the pseudogap
temperature T ∗. The dotted lines are guides to the eye. The
dotted arrow indicates the value of Korb. (see text)
in the PGS, one needs to estimate Korb, which we find
to be 1.21% as elaborated below. In the superconduct-
ing state, Kc = Ks + Korb + Kdia. Kdia = −Hdia/H
is the contribution due to the diamagnetism in the vor-
tex state, which is estimated by using the relation Hdia
= (φ0/4πλabλc)ln(βe
−1/2d/
√
ξabξc)[21], where φ0 is the
flux quantum, λ is the penetration depth, d is the vortex
distance, and β = 0.381[21]. We have used λab = 4000
A˚, λc = 10λab [22], ξab = 35 A˚, and the relation λc/λab
= ξab/ξc. The value of ξab is extracted from Hc2(H‖c) ∼
26 T obtained in the present work.
Figure 3 shows the field dependence of Kc for x =
0.40 at T ∼ 2 K. Ks at T << Tc in the superconduct-
ing state contains the contribution from nodal quasi-
particles which is H-dependent and that due to impu-
rity scattering[23]. The former in the absence of im-
purity is proportional to
√
H, namely, Kc(H) − Kdia
= Korb + KH
√
H/Hc2[24] which is shown as dotted
curve in Fig. 3. The latter is not negligible for present
sample, since 1/T1T well below Tc remains finite even
at H = 0[4]. To account for the both effects in the
dirty limit, we employed the theoretical model, Kc(H)
∝ HHc2 ln(
H0
H )[25], where H0 is a cutoff energy[25]. This
model has succeeded in reproducing the field dependence
of Kc for TlSr2CaCu2O6.8[26]. As shown by the solid
curve in Fig. 3, the relation Kc − Kdia = 1.29% +
0.0261 ( H
26.3 ln(
338
H )) can reproduce experimental results
reasonably well. The value of 1.29 % is the sum of Korb
and the impurity-induced spin shift, Kimps . From the re-
3lation 1.29% = Korb + (δnimp/n0)(1.38% − Korb), we
obtained the value of Korb = 1.21 %. Here, δnimp/n0
= 0.468 is the value extracted from T dependence of
1/T1T at H = 0[4] using theoretical calculation[26, 27],
and 1.38 % is the value of Kc at Tc = 32 K. The obtained
value of Korb = 1.21 % is comparable to other high Tc
cuprates[20]. Thus, we can extract the residual DOS,
Nres(EF ) ∝ Ks(T = 0) = Kc(T = 0) − Korb from the
results in Fig. 2. The results will be discussed later.
FIG. 3: (Color online) Field dependence of Kc and Kc −
Kdia for x = 0.40. The dotted and solid curves are fittings
assuming Kc(H) − Kdia ∝
√
H in the absence of impurity
scattering, and Kc(H) − Kdia ∝ HH
c2
ln(H0
H
) in the presence
of impurity scattering, respectively.
Meanwhile, we turn to the strongly underdoped sam-
ples, x = 0.90 and 0.80 which do not show superconduc-
tivity. Fig. 4(a) shows the T dependences of 63,65Cu-
NMR/NQR intensity times T . Generally, I(T ) increases
in proportion to 1/T . Therefore, the quantity I(T )× T
must be constant. Actually, it is T independent down
to Tc(H) for x = 0.75. However, it decreases upon cool-
ing below T = 60 and 140 K for x = 0.80 and 0.90,
respectively. In addition, as seen in Fig. 4(b), we fur-
ther found a zero-field NMR spectrum at low T induced
by the internal magnetic field (Hint) at Cu site. These
results evidence the occurrence of antiferromagnetic or-
der with TN = 60 K for x = 0.80 and TN = 140 K
for x = 0.90. The spectrum can be modelled with a
quadrupole-perturbed Zeeman transition with parame-
ters: Hint = 7.2 T,
63νQ(
65νQ) = 31.7(29.3) MHz, and
θ = 57◦. Here, nuclear spin Hamiltonian is given as
HAFM = −γh¯~I · ~Hint + (hνQ/6)[3Iz2 − I(I + 1)] and
θ is the angle between νQ and Hint. These parameters
are in good agreement with previous results in insulat-
ing phase of Bi2Sr2CuO6[28]. It is noted that the system
with x ≥ 0.8 is in the insulating state as evidenced by
resistivity measurements[18].
Now we discuss the main finding. The upper panel
FIG. 4: (Color online) (a)T dependences of I(T )× T for x =
0.75, 0.80, and 0.90, respectively. The data are normalized by
the value at high temperatures. The dotted line is a guide to
the eye. The arrows indicate TN . (b) Zero-field
63,65Cu-NMR
spectrum above and below TN for x = 0.90. The solid curve
is a fit to a model described in the text.
of Fig. 5 shows the phase diagram obtained through
the present work together with T ∗ determined by our
T1 measurements[4]. T
∗ for x = 0.90 is determined
by T1 measurement[29]. The hole concentration in
Bi2Sr2−xLaxCuO6+δ was evaluated by Ando et al [18]
from Hall coefficient (upper horizontal scale), and has
been used quite widely[30]. From the T dependence of
Ks(T ), we obtained doping dependence of T
∗. At x = 0,
a metallic state is established[4]. From x = 0.10 to 0.90,
notably, Ks(T ) and 1/T1T indicate almost the same T
∗.
For x = 0.80 and 0.90, antiferromagnetic order sets in
although T ∗ still exists at T ∗ = 250 K for x = 0.90.
The lower panel of Fig. 5 shows the evolution of
residual DOS for the PGS. The vertical axis is the rel-
ative DOS, Nres/N0, at T = 0 as defined by Nres/N0
= Ks(T = 0)/Ks(T = T
∗). For x > 0, this quantity
contains the contribution released by suppressing super-
conductivity, and the contribution by impurity scatter-
ing which does not change when the superconductivity
is suppressed. The latter contribution is about 0.1% and
is almost x-independent. For x = 0, the system is in a
conventional metallic state, which remains true when the
superconductivity is suppressed. For x > 0.1, a pseudo-
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FIG. 5: (Color online) Upper panel shows characteristic tem-
peratures vs. 1−x (∝ hole concentration). For x = 0.90 and
0.80, no superconductivity occurs (open squares). The open
circles are taken from Ref[4, 29]. Lower panel shows the hole-
concentration dependence of relative DOS at T = 0.
gap opens and causes the partial loss of the DOS. The
relative DOS continuously decreases with decreasing hole
concentration. It is interesting that the relative DOS re-
mains quite large (∼ 25 %) even at x = 0.75, which is
very close to the Mott state at x = 0.80.
The result suggests that the residual DOS for the PGS
will vanish abruptly as the Mott insulating phase is ap-
proached. Recent experiment suggests that a symmetry
breaking may occur in the pseudogap state[31]. Our re-
sult puts a constraint on the searching for such symmetry
breaking. Namely, any symmetry breaking, if it would
occur, should not be accompanied by an appearance of an
internal magnetic field. Furthermore, the relative DOS
we found in this experiment (∼ 25 %) is much larger than
that inferred from the quantum oscillation (∼ 3 %)[11].
In conclusion, NMR measurements under very high
magnetic fields up to 44 T reveal the antiferromagnet-
ically ordered state in the strongly underdoped region
and the doping evolution of pseudogap ground state in
Bi2Sr2−xLaxCuO6+δ. Our result indicates that the pseu-
dogap ground state is a metallic state with a finite DOS
which decreases with decreasing doping but remains quite
large even at the vicinity of the Mott insulating phase.
The present work revealed the complete phase diagram
for a single-layered high-Tc cuprate.
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